The ␥-butyrolactone autoregulators found in several species of the genus Streptomyces are regarded as microbial hormones that control secondary metabolism and/or morphological differentiation. The effectiveness of these autoregulators, which are active at nanomolar concentrations, as well as the presence of specific receptor proteins [BarA as a virginiae butanolide (VB)-specific receptor in Streptomyces virginiae (11, 12, 22) , FarA as an IM-2-specific receptor in Streptomyces lavendulae FRI-5 (17, 29, 35) , ScbR as an SCB1-specific receptor in Streptomyces coelicolor A3(2) (33), and ArpA as an A-factor-specific receptor in Streptomyces griseus (25) ] as mediators of autoregulator signaling implies that these ␥-butyrolactone autoregulators should be regarded as Streptomyces hormones. In vitro studies of the autoregulator receptors have indicated that these autoregulator receptors are dimeric DNA-binding proteins that, in the absence of autoregulators, recognize and bind to specific DNA sequences situated in the promoter region of target genes (13, 14, 16, 33) . Autoregulator binding to the corresponding receptor causes the receptor to dissociate from the DNA, which in turn allows transcription of the target genes to occur. Although a common autoregulator-dependent cascade has not yet been completely clarified, all the autoregulator receptors share a common activity as DNA-binding transcriptional repressors.
However, while the autoregulator receptors in Streptomyces species have been well clarified, little is known about closely related genera such as the so-called non-Streptomyces actinomycetes-e.g., the genera Kitasatospora, Micromonospora, Actinoplanes, Amycolatopsis, Norcardia, and Actinomadurawhich are also a rich source of medically important secondary metabolites. We have previously reported that ␥-butyrolactone autoregulators and/or the receptor proteins were present in several non-Streptomyces actinomycetes (Kitasatospora setae IFO14216, Actinoplanes teichomyceticus IFO13999, Amycolatopsis mediterranei IFO13415, and Micromonospora echinospora IFO13250) (3, 4) . In the present study, a ␥-butyrolactone autoregulator receptor gene of K. setae was cloned for the first time from the genera of non-Streptomyces actinomycetes. K. setae is a producer of bafilomycin B 1 , a macrolide antibiotic serving as an important inhibitor of vacuolar H ϩ -ATPase (24, 26) . The in vitro and in vivo function of the autoregulator receptor was thoroughly investigated by in vitro characterization of a recombinant receptor protein, and by phenotypic comparison between the wild-type and the disruptants of the receptor gene, revealing that the autoregulator receptor in K. setae functions as the primary negative regulator of the biosynthesis of bafilomycin B 1 .
MATERIALS AND METHODS
Bacterial strains, plasmids, culture conditions, and conjugal transfer of DNA from Escherichia coli to K. setae. K. setae (IFO14216; Institute for Fermentation, Osaka [IFO], Osaka, Japan) was used in the present study and was grown at 28°C in an ISP2 medium (Difco, Detroit, Mich.). For genetic manipulation in E. coli, strain DH5␣ (6) was used. pUC19 was used for the construction of a genomic library and for DNA sequencing. DNA manipulations in E. coli and in K. setae were performed as described by Sambrook and Russell (30) and Kieser et al. (10) , respectively. For the seed culture preparation, 20 ml of the medium containing 1% glucose, 2% starch, 0.5% yeast extract, 0.5% peptone, and 0.4% CaCO 3 (pH 7.0) (24) in 100-ml Erlenmeyer flasks was inoculated with spores (5 ϫ 10 5 spores/ml of medium) and incubated at 28°C for 36 h on a reciprocating shaker (120 strokes per min). The main cultivation was performed by inoculating 1.4 ml of the seed culture into 70 ml of ISP2 medium in 500-ml Erlenmeyer flasks, followed by incubation at 28°C. The main cultivation was carried out for 12 h for preparation of cell extract and for 4 days for bafilomycin B 1 assay. Conjugal DNA transfer into K. setae was performed as described by Choi et al. (4) . The methylation-deficient E. coli strain ET12567 (dam-13::Tn9 dcm-6 hsdM hsdS) containing pUZ8002 was used as the donor in intergeneric conjugations (15, 27, 32) . pUZ8002 is an RK2 derivative with a defective oriT (aph); it is not self-transmissible but supplies a mobilization function for oriT-containing plasmids in trans. A homologous recombination vector, pKC1132 (3.5 kb) (2), containing oriT of RK2 and an apramycin resistance gene for selection in actinomycetes and E. coli, and a site-specific integration vector, pSET152 (5.5 kb) (2), containing C31 int and attP, were used for construction of the deletion mutants and the complemented strains, respectively. These plasmids do not contain replicative functions of actinomycete plasmids and can be maintained in recipient strains only in the chromosomally integrated state.
Manipulation of DNA and molecular cloning of ksbA. Total DNA of K. setae was obtained by the method of Rao et al. (28) . To clone an autoregulator receptor gene from K. setae, the degenerate primers AF-V (5Ј-CGCGGAT CCGCSGCSGCSNNNGTSTTCGA-3Ј) and AR-1 (5Ј-CGCGGATCCGAAG TGGAAGTASAGSGCSCC-3Ј) were used (the underlined nucleotides were added to introduce a BamHI site for cloning) (Fig. 1) . Southern blot hybridization was performed as described previously (35) . A partial genomic library was constructed with size-fractionated BamHI fragments (7 kb) and pUC19, using E. coli DH5␣ as a host, and screened by colony hybridization with the 32 P-labeled 102-bp PCR fragment (see Fig. 5 ). The DNA sequencing was carried out by the dideoxy-chain termination method (31) for both strands, using a sequencing kit (Amersham, Tokyo, Japan) and Cy5-labeled primers on a fluorescence DNA sequencer (ALFred; Pharmacia Biotech, Tokyo, Japan). Sequence analyses and homology comparisons were done on a per- sonal computer with the GENETYX software package (Software Development Co., Ltd., Tokyo, Japan). To construct pUC19-ksbA, the coding region of ksbA was amplified by PCR. PCR was performed with primer 1 (5Ј-CGCGGATCCCCATGGCGGAATCCCCGCGCGCGGCCAAG-3Ј) and primer 2 (5Ј-CGCGGATCCAACCGCCCTCCAGGACGGC-3Ј) to generate a BamHI site at the 5Ј and 3Ј ends of the ksbA coding sequence, respectively (underlined). After digestion with BamHI, a 710-bp BamHI fragment was cloned into BamHI-digested pUC19, resulting in pUC19-ksbA. A 502-bp BssHII-AccIII part in the 710-bp BamHI PCR fragment was replaced with a 502-bp BssHII-AccIII fragment from the cloned 7-kb BamHI fragment to minimize nucleotide changes during the PCR. The nucleotide sequence of the ksbA region in pUC19-ksbA was confirmed by DNA sequencing.
Preparation of cell extract. The K. setae cells cultured for 12 h or recombinant E. coli cells cultured for 6 h were collected by centrifugation (6,000 ϫ g) for 10 min at 4°C and washed with cold 0.9% NaCl. Wet cells (1 g Construction of a ksbA-disrupted strain and a ksbA-complemented strain. The ksbA disruption vector was constructed as follows. To locate ksbA in the center of the fragment, a 6.03-kb SalI (2)-BamHI fragment was recovered after partial digestion with SalI, resulting in a 971-bp deletion from the left end of the 7-kb BamHI fragment (see Fig. 4A ). To construct ⌬ksbA, the fragment was digested with NcoI and PstI to remove a 234-bp NcoI-PstI (2) fragment containing a helix-turn-helix (HTH) motif (see Fig. 5 ) and was ligated after reaction with T4 DNA polymerase. The entire 5.8-kb insert containing ⌬ksbA was recovered as a HindIII-EcoRI fragment and inserted into the HindIII and EcoRI sites of pKC1132 to give pSUC58. E. coli ET12567(pUZ8002) transformed with pSUC58 was conjugated with K. setae. Exconjugants in which the plasmid pSUC58 had presumptively integrated at the ksbA locus by a single crossover via homologous recombination were selected with apramycin. After three rounds of incubation at 28°C on ISP2 medium in the absence of apramycin, putative ksbA-disrupted strains formed from the second crossover were detected on the basis of their apramycin sensitivities. Because all the ksbA-disrupted strains showed identical behaviors, such as morphology and growth, one of the strains was chosen for detailed analyses (strain RD1) (see Fig. 4A ). To complement the ksbA-disrupted strain (strain RD1), a 1.88-kb ApaI-ApaI fragment containing the entire ksbA gene with its own promoter was isolated from pKSB7 (see Fig. 4A and 5), treated with T4 DNA polymerase, and cloned into SmaI-digested pUC19. The fragment was recovered as a BamHI-EcoRI fragment and was ligated into BamHI-EcoRItreated pSET152, generating pKSBAC. After conjugal transfer of pKSBAC from E. coli ET12567(pUZ8002) to strain RD1, apramycin-resistant exconjugants were analyzed by PCR and Southern hybridization. The probe used was a 710-bp ksbA fragment amplified by PCR from pKSB7 using primer 1 and primer 2, as described above. All the ksbA-complemented strains showed identical phenotypes, and data for the representative strain (RDC1) are shown.
Morphological assessment and analysis of bafilomycin B1 production. To analyze morphological differences, spores of the wild-type strain, a ksbA-disrupted strain, RD1, and a ksbA-complemented strain, RDC1, were streaked on ISP2 medium, ISP4 medium (Nihon Seiyaku, Tokyo, Japan), IFO medium 231 (9), IFO medium 266 (3), TSB agar (Oxoid, Basingstoke, United Kingdom), R5 agar (10), oatmeal agar (7), MS agar (8), modified SMMS agar (supplemental minimum medium, solid) as described by Takano et al. (34) , and minimal medium agar containing 0.5% (wt/vol) mannitol as a carbon source (10), and this was followed by cultivation at 28°C for 14 days. For monitoring the bafilomycin B 1 production, the seed culture and the main culture were performed as described above. The broth of the main culture was centrifuged at 13,000 ϫ g for 10 min at 4°C to remove mycelia, and the supernatant was used for bioassay with Saccharomyces cerevisiae (24) as a test organism on yeast extract-peptone-dextrose (1% agar) medium. The clear zone was measured after incubation for 18 h at 30°C. Commercial bafilomycin B 1 (Fluka) was used as a standard.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the DDBJ nucleotide sequence databases under accession numbers AB121071 and AB126048.
RESULTS AND DISCUSSION
Cloning and sequencing of ksbA. In the genus Streptomyces, there are three types of ␥-butyrolactone autoregulator receptors corresponding to the three types of autoregulators: (i) BarA, as a VB-type receptor from S. virginiae (11, 12, 22, 23) ; (ii) FarA and ScbR, as IM-2-type receptors from S. lavendulae FRI-5 and S. coelicolor A3(2), respectively (17, 29, 33, 35) ; and (iii) ArpA, as an A-factor-type receptor from S. griseus (25) . Alignment of the amino acid sequences of the above four receptors revealed two highly conserved regions (corresponding to amino acid residues 25 to 30 and 52 to 58 of BarA) (Fig.  1) . Based on these conserved sequences, with codon usage data derived from 64 Streptomyces genes (36), degenerate oligonucleotide primers for use in PCR were designed and applied for K. setae. As described in Materials and Methods, a 102-bp PCR product clearly encoding the targeted region of a plausible autoregulator receptor was obtained, and a 7-kb BamHI fragment was cloned using the PCR fragment as a probe, yielding pKSB7 ( Fig. 2A) . Nucleotide sequencing of the cloned fragment revealed one truncated (orf1) and six complete open reading frames (ORFs) (orf2 to orf7). All the ORFs were in agreement with the characteristic codon usage of Streptomyces genes with extremely high GϩC contents (96.5, 94.7, 95.8, 92.3, 86.4, 87.8, and 96.0% for orf1 to orf7, respectively) as determined by the FRAME analysis developed by Bibb et al. (1) (Fig. 2B ). The orf1 product shows highest similarity to a putative metallopeptidase protein of Streptomyces avermitilis (63% identity and 73% similarity; accession no. AB126048), the orf2 product shows highest similarity to a hypothetical protein of Methanosarcina acetivorans C2A (39% identity, 54% similarity; accession no. AB126048), the orf3 product shows no clear similarity; the orf4 product shows highest similarity to several autoregulator receptors, such as FarA of S. lavendulae FRI-5 (42% identity, 64% similarity; accession no. AB121071); the orf5 product shows highest similarity to BarB of S. virginiae (50% identity, 65% similarity; accession no. AB126048); the orf6 product shows highest similarity to a probable extracytoplasmic function family sigma factor of S. coelicolor A3(2) (33% identity, 65% similarity; accession no. AB126048); and the orf7 product shows highest similarity to methyltransferase of Bordetella bronchiseptica (39% identity, 55% similarity; accession no. AB126048). Among the seven ORFs, orf4 (654 bp encoding a 217-amino-acid protein; DDBJ accession no. AB121071) (Fig. 2) was judged to encode the putative ␥-butyrolactone autoregulator receptor, from the presence of the well-conserved HTH DNA-binding motif (Fig. 1) and from its estimated pI value of 4.8. So far, two groups of Streptomyces proteins that contain the conserved HTH motif have been recognized. One group consists of real receptors of biochem-ically established binding activity toward one type of autoregulator, and the other consists of pseudoreceptors for which all the efforts to observe the autoregulator-binding activity failed, suggesting that the proteins belonging to the second group do not bind any of the autoregulators. The clearest difference between the two groups is the difference of their pI values; that is, the proteins belonging to the real receptor group have a pI of around 5 (pI of 5.1 for ArpA, 5.1 for BarA, 5.3 for FarA, and 5.4 for ScbR), while those belonging to the second group have very basic pI values (pI of 10.3 for BarB, 11.5 for BarZ, 9.8 for CprA, and 10.0 for CprB) (DDBJ/EMBL/GenBank accession no. AB001609, AB035547, AB000384, and AB000385, respectively). On the basis of the pI value of 4.8 for the orf4 product, orf4 is most likely to encode a real autoregulator receptor protein, and thus it was named ksbA (for K. setae butyrolactone autoregulator).
With respect to the gene organization around ksbA, it is noteworthy that a gene (orf5) homologous to barB of S. virginiae is present downstream of ksbA. BarB has been clarified to be a regulator controlling the initial stage of virginiamycin biosynthesis (18) . In S. virginiae, the barB gene is situated immediately downstream of barA encoding the VB-specific autoregulator receptor, and the transcription of barB is tightly controlled by the BarA-VB system (13) to ensure the precise timing of the virginiamycin production. To determine whether a similar regulation might operate for orf5, a plausible receptor-binding sequence was surveyed in the 5Ј-upstream region of orf5 using the consensus-binding sequence of Thompson et A probable 26-bp sequence (TAACATAGCGAACGCTCTCTACT TTT) was found at 63 to 88 bp upstream of the orf5 initiation codon together with a probable Ϫ10 element at 83 to 88 bp upstream and a Ϫ35 element at 106 to 111 bp upstream of orf5, suggesting that orf5 is likely to be under the transcriptional control of an autoregulator receptor. Because the intergenic region between orf5 and orf6 is 23 bp, because no plausible terminator sequence or attenuator sequence is present in the intergenic region, and because no promoter motif is present in the 5Ј-upstream region of orf6, orf5 and orf6 would seem to form a bicistronic operon, the transcription of which might be controlled by KsbA and the corresponding autoregulator (although direct evidence such as that from a gel-shift assay using recombinant KsbA [rKsbA] and the corresponding DNA fragment will be necessary to draw a definite conclusion). Autoregulator-binding activity of KsbA. To examine whether ksbA encodes a real autoregulator receptor which has autoregulator-binding ability, we expressed ksbA in E. coli DH5␣. The coding region of ksbA was amplified by PCR and placed under the control of the lac promoter as described in Materials and Methods. After isopropyl-␤-D-thiogalactopyranoside (IPTG) induction of transformants harboring pUC19-ksbA, crude cell extract containing rKsbA was prepared and assayed for autoregulator-binding activity. As shown in Table 1 and Fig. 3 , it was confirmed that crude cell extract exhibited high binding activity toward [ 3 H]SCB1, while that from the control cells harboring pUC19 alone showed no activity. When nonlabeled A-factor was used as a competitive ligand at a concentration of 125 M (nonlabeled A-factor:labeled SCB1 ϭ 1,450:1), the level of binding activity was similar to that using nonlabeled SCB1 (125 M) as a competitive ligand, suggesting that either an SCB1-type or A-factor-type compound is the autoregulator for KsbA. However, when a 10-fold-lower concentration of A-factor (12.5 M) was used, the binding activity dropped significantly to a level comparable to that observed with a 100-fold lower concentration of nonlabeled SCB1 (0.125 M), indicating that the competition between the [ 3 H]SCB1 and A-factor is 100-fold less than that between [ 3 H]SCB1 and SCB1. Therefore, we can conclude that the autoregulator of rKsbA is an IM-2-type compound, rather than an A-factortype compound, and that it has a long side chain with terminal branching, although further studies will be needed to isolate the native autoregulator and definitively identify the chemical structure. In addition to the binding assay with rKsbA, the binding activity in the cell-free lysates from K. setae was measured to evaluate the expression level of native KsbA. Similar to the tendency with rKsbA, cell-free lysates of K. setae showed clear binding activity toward [
3 H]SCB1 ( Table 1 ), suggesting that KsbA may be the major ␥-butyrolactone autoregulator receptor in K. setae under our cultivation condition. Typically, S. virginiae (VB producer), S. lavendulae FRI-5 (IM-2 producer), and S. griseus (A-factor producer) show autoregulatorbinding activities of 0.347, 3.04, and 0.811 pmol/mg of protein in the crude cell-free lysates, respectively (23, 25, 29) . The binding activity of the native receptor in the crude cell-free lysates of K. setae is 5-to 44-fold lower than those of typical Streptomyces autoregulator receptors. There are at least two Disruption of the ksbA gene and phenotypic analyses. To assess the in vivo role of KsbA in K. setae, the chromosomal ksbA gene was replaced with a mutated ksbA by using pSUC58, as described in Materials and Methods, resulting in a ksbAdisrupted strain (⌬ksbA, strain RD1) (Fig. 4A) . The deleted portion in ⌬ksbA consisted of 77 amino acid residues corresponding to the 44th to 120th amino acid residues of KsbA, which includes parts of those amino acid residues constituting the second helix of the HTH DNA binding motif (30th to 51st amino acid residues) in the N terminus (Fig. 5) ; thus, the resulting truncated protein should be devoid of DNA-binding ability, and the function of KsbA as a regulator should be lost. Conjugal transfer from E. coli ET12567(pUZ8002) harboring pSUC58 to K. setae gave apramycin-resistant exconjugants, in which pSUC58 integration by a single crossover was confirmed by Southern blot analysis (Fig. 4B) . After three rounds of sporulation of the pSUC58-integrated strain, as shown in Fig.  4B , two types of apramycin-sensitive strains, namely, ksbAdisrupted mutants and a regenerated wild-type strain (wildtype segregant), were obtained. To complement the ksbA disruptants by intact ksbA, pKSBAC, a pSET152 derivative containing intact ksbA, was introduced into strain RD1 via attB-site mediated chromosomal integration. The integration of the intact ksbA gene in apramycin-resistant exconjugants was confirmed by Southern hybridization (data not shown).
The growth characteristics of strain RD1 in liquid culture were indistinguishable from those of the wild-type strain (Fig.  6A) . Furthermore, no morphological difference was observed on 10 kinds of agar media (Materials and Methods), indicating that ksbA does not participate in essential primary metabolism nor in the control of morphological differentiation in K. setae. However, when bafilomycin B 1 production by the ksbA disruptant (strain RD1) was examined by bioassay using Saccharomyces cerevisiae, the ksbA disruptant started bafilomycin production 18 h earlier than that by the wild-type strain, and the amount of accumulated bafilomycin became 2.4-fold higher than that by the wild-type strain (Fig. 6B ). This change in the profile of bafilomycin production was restored to the original wild-type phenotype by the introduction of intact ksbA to the ksbA disruptant (Fig. 6B) , confirming that the loss-of-function mutation in the ksbA gene is responsible for the change in bafilomycin production and suggesting that KsbA as an autoregulator receptor likely acts as a primary negative regulator on the biosynthesis of bafilomycin. The phenomena caused by the ksbA disruption are similar to those observed in the autoregulator receptor (farA) disruptant of S. lavendulae FRI-5 (17) . In both cases, disruption of the autoregulator receptor gene resulted in overproduction of secondary metabolites (bafilomycin in K. setae, and nucleoside antibiotics in S. lavendulae FRI-5), while no apparent effect was observed on the growth or morphological differentiation, indicating that the corresponding autoregulator receptors only act as primary negative regulators on the biosynthesis of cognate secondary metabolite. Such noninvolvement of autoregulator receptors in morphological differentiation has also been reported for S. virginiae (19, 20) and S. coelicolor A3(2) (33), but not for S. griseus (21, 25) , in which disruption of the A-factor receptor gene resulted in 10-fold higher production of streptomycin but also earlier sporulation.
In summary, our results demonstrate that the ␥-butyrolactone autoregulator receptor gene, ksbA, acts as a primary repressor for bafilomycin B 1 production in K. setae. Therefore, much as in the well-known cases in Streptomyces species, ␥-butyrolactone autoregulator receptors may exist widely in the genera of non-Streptomyces actinomycetes and play an important role(s) in controlling the production of secondary metabolites. To our knowledge, this is the first report on the cloning and characterization of a butyrolactone autoregulator receptor gene in the genera of non-Streptomyces actinomycetes, as well as in the genus of Kitasatospora. , and a ksbA-complemented strain (strain RDC1) (solid triangles). Each strain was grown at 28°C in ISP2 medium. The amounts of bafilomycin B 1 at the indicated times were measured as described in Materials and Methods. Growth was monitored by measuring the optical density at 600 nm (OD 600 ). Three independent ksbA disruptants and ksbA-complemented strains showed an identical pattern; only the representative data on strain RD1 and RDC1 are shown. 
